bilaterally symmetrical neurons and innervates, via two bilateral pairs of segmental nerves, one of the 21 abdominal body segments lying between the head sucker and the tail sucker. The gross anatomy of the iterated segmental ganglia is sufficiently stereotyped from segment to segment, and sufficiently invariant from leech to leech, that a large portion of the cell bodies of the central nervous system can be reproducibly identified. It is possible to penetrate these cell bodies with microelectrodes and record action potentials and excitatory and inhibitory synaptic potentials arising from synaptic connections with other neurons. These features make the leech nerve cord an unusually favorable material for the functional analysis of neu ronal networks (7, 8) .
The Leech Swimming Rhythm
The leech swims by undulating its extended and flattened body in the dorsoventral plane, forming a body wave that travels rearward, from head to tail (Figs. lb and 2a). The moving crests of the body wave are produced by progressively phase-delayed contractile rhythms of the ventral body wall of successive segments and the moving troughs by similar, but antiphasic, contractile rhythms of the dorsal body wall. As was noted by Leonardo da Vinci (1, p. 595), the forces exerted against the water by these changes in body form provide the propulsion that drives the leech forward. through its fluid medium. The period of the segmental contractile rhythm ranges from about 400 milliseconds for fast to about 2000 msec for slow swimming (9-11). The time taken for the rearward travel of the body wave is about equal to the period of the contractile rhythm, leading to the hydrodynamically favorable result that at all swimming speeds the animal maintains one full wave length between head and tail (12) .
In one of the first modern physiological studies of leech swimming, von Uexkull (13) described the basic activity pattern of the musculature responsible for these changes in body form. First, the flattening of the body, which optimizes the force that moving dorsal and Summary. The swimming movement of the leech is produced by an ensemble of bilaterally symmetric, rhythmically active pairs of motor neurons present in each segmental ganglion of the ventral nerve cord. These motor neurons innervate the longitudinal muscles in dorsal or ventral sectors of the segmental body wall. Their duty cycles are phase-locked in a manner such that the dorsal and ventral body wall sectors of any given segment undergo an antiphasic contractile rhythm and that the contractile rhythms of different segments form a rostrocaudal phase progression. This activity rhythm is imposed on the motor neurons by a central swim oscillator, of which four bilaterally symmetric pairs of interneurons present in each segmental ganglion appear to constitute the major component. These interneurons are linked intra-and intersegmentally via inhibitory connections to form a segmentally iterated and intersegmentally concatenated cyclic neuronal network. The network appears to owe its oscillatory activity pattern to the mechanism of recurrent cyclic inhibition.
ventral body walls exert against the water, is produced by the tonic contraction of dorsoventral muscles. These muscles traverse the body cavity between their points of insertion into the dorsal and ventral body walls. Second, the periodic changes in length of the dorsal and ventral body wall segments that form the troughs and the crests of the wave are produced by the phasic local contraction of longitudinal muscles embedded in the body wall. By exerting a force on the body fluids, the tonic contraction of the dorsoventral muscles generates the antagonistic force necessary for periodic longitudinal distension of the segmental body wall, following relaxation of the segmental longitudinal muscles. Both dorsoventral and longitudinal muscles are innervated by motor neurons in the corresponding segmental ganglion, and the impulse activity of these motor neurons causes the local contraction and distension of the segmental musculature (14) . These motor neurons are located on the dorsal aspect of the segmental ganglion and are designated according to the numerical system indicated in Fig. Ic. By the late 1930's the following facts had been established regarding the role of leech nervous system in the generation of the swimming movement. Participation of the head and tail ganglia is not required for production of the body wave, since after decapitation (13) or surgical disconnection of these ganglia from the nerve cord (9) leeches not only still swim but do so more readily, and for longer episodes, than intact animals. Hence the body wave is generated within the abdominal segments. Moreover, the intersegmental coordination of the contractile rhythm is mediated by the nerve cord connective, since after cutting the connective between any two midbody ganglia, the swimming movements of the body parts anterior and posterior to the cut are no longer phase-locked (9, 10). However, the movements of anterior and posterior body remnants do remain coordinated if the connective is left intact while the entire body wall of several midbody segments is removed (10). Thus the neuronal activity responsible for coordination of the swimming rhythm travels through ganglia that can neither command contraction of peripheral muscles nor receive sensory input from their own segmental body wall.
The Semi-Intact Preparation
This last finding provided the experimental point of departure for the work reported herein. It suggested the possibility of developing the semi-intact preparation of the medicinal leech, Hirudo medicinalis, shown in Fig. 2b . The front and rear body remnants of this preparation (in which, as in all other preparations to be mentioned herein, the head and tail ganglia have been disconnected surgically from the nerve cord) carry out coordinated swimming movements, while electrophysiological records are taken from exposed and immobilized parts of the peripheral and central nervous system. Figure 2c shows a sample record taken from such a semi-intact preparation, in which the overall swimming movement was monitored by a photocell registering the interruptions of a light beam caused by up and down movements of the front end; the contraction-distension rhythm of the ventral and dorsal sectors of a body wall flap were measured by means of isometric tension transducers; and the efferent impulse activity of the exposed segmental ganglion was monitored by means of a suction electrode attached to the segmental nerve. As can be seen, the dorsal and ventral longitudinal muscles of the exposed body wall flap undergo an antiphasic contraction-relaxation rhythm, whose period of about 1000 msec matches that of the up and down movements of the front end. Moreover, in the dorsal branch of the segmental nerve there occur bursts of impulses of uniform amplitude whose cycle is phase-locked with that of the body wall contractions and the front end movements.
In Fig. 3a is another sample record from a semi-intact preparation, in which an intracellular microelectrode was inserted into cell 3 (see Fig. Ic To ascertain whether the answers to these two questions could be found in terms of a network linking the identified motor neurons, we made a survey of the connections that exist between them. For this purpose, pairs of motor neurons were penetrated simultaneously with microelectrodes and a cell pair was inferred to be connected if passage of current into one cell had an effect on the membrane potential of the other. In this way we found that all the dorsal excitors are interlinked by electrical junctions, as are all the ventral excitors, all the dorsal inhibitors, and all the ventral inhibitors. Furthermore, homologous excitors and inhibitors on the right and left sides of the ganglion are similarly linked. These intraganglionic electrical junctions probably serve to equilibrate the membrane potentials, and thus synchronize the duty cycle phases, of motor neurons that 
The Oscillatory Interneurons
The further quest for the answer to the two questions regarding the neuronal control of the swimming rhythm was greatly advanced by the discovery that the motor neuron ensemble of an isolated nerve cord, severed from all contact with the leech body, can produce sustained episodes of the swimming activity pattern in response to brief electrical shocks delivered to a segmental nerve (19). It could be concluded, therefore, that leech swimming provides another instance of a locomotory rhythm produced by a central nervous oscillator capable of giving rise to a motor neuron activity rhythm without necessary participation of proprioceptive feedback. Accordingly, a search was carried out in segmental ganglia of the isolated nerve cord of H. medicinalis for neurons other than the swim motor neurons that might constitute the central swim oscillator. For the purpose of this search, a neuron was considered to be a candidate component of the oscillator if, during a swimming episode, (i) its cell membrane underwent a polarization rhythm that was phase-locked with the impulse burst rhythm of the motor neurons, and (ii) passage of current into the neuron shifted the phase of the motor neuron impulse burst rhythm. All previously identified motor neurons that met the first of these two criteria failed the second, and hence did not qualify as candidate components of the central oscillator (15, 20-22). After an extensive survey of the segmental ganglia, which included most of the cell bodies on both dorsal and ventral aspects, four bilateral pairs of neurons in each segmental ganglion were found to meet both criteria (23, 24). They are the right and left homologs of cells 123, 28, 33, and 27, all having very small cell bodies located on the dorsal aspect (Fig. 1c) . Figure 3c shows an intracellular recording taken from the left cell 28 of ganglion 8 during a swimming episode of an isolated nerve cord preparation consisting of a chain of 18 ganglia. The figure presents al so the concurrent output of suction electrodes attached to the segmental nerves of ganglia 7 and 11. The initial part of the segmental nerve record shows five cycles of impulse bursts of the dorsal excitor, cell 3, characteristic of the swimming rhythm (see Figs. 2c and 3a) . Meanwhile, the intracellularly recorded membrane potential of cell 28 oscillates in a rhythm that is phase-locked with the motor neuron impulse bursts. During its depolarized phase cell 28 produces an impulse burst whose midpoint occurs at a phase angle of about 900 in the swim cycle of its own segment. Transient passage of depolarizing current into cell 28 of ganglion 8 can be seen to arrest the impulse burst rhythms of the cell 3 serial homologs in ganglia 7 and 11. After terminationi of current passage, the cell 3 impulse bursts resume, but their phase has been shifted relative to the swimming rhythm prior to current passage. Data similar to those in Fig. 3c were obtained also for cells 123, 33, and 27. The intracellularly recorded membrane potentials of all these cells also oscillate in a rhythm phase-locked with that of the swimming rhythm, with the impulse burst midpoint occurring at a phase angle of about 00 for cell 123, 1800 for cell 33, and 2700 for cell 27 (see Fig. Ic) .
Anatomical as well as electrophysiological evidence suggests that the oscillator cells are intersegmental interneurons. First, upon specific staining of cell 28 and cell 33 by intracellular injection of horseradish peroxidase (25) both cells can be seen to send an axon into the anterior connective, and neither cell can be seen to send an axon into the segmental nerve roots of its ganglion (Fig. Id) . Second, impulses arising in cell 27, cell 28, or cell 33 can be recorded in the ventral cord connective over a distance of at least five segments to the front, and impulses arising in cell 123 can be similarly recorded over a distance of at least two segments to the rear. No trace of the impulses of any of these four cells can be found in the segmental nerves. Thus cells 27, 28, and 33 project to more anterior ganglia and cell 123 projects to more posterior ganglia of the cord.
The Oscillator Network
To establish the nature of the network formed by the oscillatory interneurons, we obtained pairwise intracellular recordings from them to ascertain the manner in which they are connected, bozth intra-as well as interganglionically. 
Output Connections of the Oscillator

Network
A third criterion that must be satisfied if the neurons of the identified network are to qualify as components of the central swim oscillator is that they make appropriate output connections to the previously identified segmental swim motor neurons. To ascertain the existence of such output connections, we took pairwise intracellular recordings from interneurons and motor neurons (22). The results of this survey are summarized in Fig. 4a (26) . As can be seen, the oscillatory interneurons are linked to the motor neurons via both inhibitory and excita- 
Proprioceptive Feedback
The preponderance of central nervous oscillators as generators of basic locomotory rhythms must not be taken to mean that sensory feedback plays no role at all in the realization of such rhythms. On the contrary, in most cases the centrally generated basic rhythm is subject to influence by proprioceptors whose afferent signals serve to modulate period phase and amplitude of the movement (2, 12, 32, 33) . This is the case also for the leech swimming movement (10, 34), as shown by the following experiment (21). A leech (whose head and tail ganglia have been severed from the nerve cord) is suspended, dorsum up, in a water-filled dish, by pinning the 6th and 7th (denervated) abdominal segments to one hard-rubber pillar and the 15th and 16th (denervated) segments to another such pillar. The preparation carries out swimming movements, which are recorded by cinematography of the lateral body silhouette. The cinematographic records are evaluated by measuring, frame by frame, the elevation of the head, midbody, and tail segments, above or below the plane of support provided by the rubber pillars.
The results of two sets of such measurements-the two support pillars were separated by 39 millimeters in one experiment and by 31 mm in the other-are presented in Fig. 5a . As long as the pillars are separated by 39 mm, the head, tail, and midbody sections undergo a regular rhythm of phase-locked up and down movements, whose cycle period gradually increases from about 600 to 1000 msec. However, when the separation of the pillars is reduced to 31 mm, a distance so short that the midbody segments encounter mechanical resistance during their transition from wave crest to wave trough, the undulatory body movements are no longer regular. In some abnormal cycles, the midbody segments do not manage to complete formation of the trough and precociously initiate formation of the next crest, whereas in other cycles formation of the trough is completed only after an initial delay of the midbody downward movement. These mechanically induced dynamic irregularities of the midbody segments are accompanied by phase-locked irregularities of the movement of the head and tail segments, whose undulations are not subject to any mechanical restrictions. Thus the leech possesses a proprioceptive feedback system that monitors the realization of the rhythmic changes in body shape of the swimming movement commanded by the central oscillator. In case the movement is not properly executed somewhere along the length of the animal, the perturbation is signaled to both frontward and rearward segments to effect a body-wide adjustment of the swimming rhythm.
Since the radius of curvature of a given leech body segment, or the degree to which it is bent upward or downward, is given by the length ratio of the dorsal and ventral segmental body walls (Fig.  lb) , it appeared likely that the proprioceptive feedback operating in the experiment of Fig. 5a has its basis in the sensory detection of longitudinal body wall stretch. In order to study the effect of body wall stretch on the segmental swimming rhythm, records were taken from a semi-intact preparation to which a body wall flap had been left attached by its segmental nerve to an exposed midbody ganglion. Figure 5b shows Although the operation of this reflex loop is clearly not necessary for the generation of the swimming rhythm, it should be noted that the loop could be an oscillatory circuit in its own right, capable of giving rise to a motor neuron impulse burst cycle with appropriate dynamic parameters. This oscillatory potential is given by the inertia provided by the constant delay of about 100 msec that elapses between the time of occurrence of an impulse in a motor neuron and the change in muscle tension, and hence activity of the correspondent stretch receptor, produced by that impulse (18). The overshoots produced by this inertial delay would cause the lengths of the muscles forming part of the reflex loop to oscillate about an average, or "resting" value. As long as the inherent dynamics of the central swim oscillator are matched with those of the reflex loop, the rhythmic sensory afference generated by execution of the swimming movement would not normally exert a significant phasing effect on the central oscillator duty cycle. But the stretch reflexes would affect the centrally generated rhythm as soon as the actual body movements do not match those caused by the central oscillator. Just such monitoring effect has been shown to occur also for the phasing of wingbeat in the locust by input from proprioceptors associated with each wing (33). It would appear, moreover, that this interaction between the central oscillator and the peripheral reflex loops not only permits modulation of the swimming movement in response to external stresses but also exerts a general stabilizing influence on the centrally generated rhythm (19).
Conclusions
At the phenomenological level, leech swimming shares many features in common with other vertebrate (37) and invertebrate (38) locomotory rhythms. For instance, all of these locomotory rhythms seem to be generated by a central oscillator, whose period can vary over a broad range; each cycle of muscle contraction is caused by motor neuron impulse bursts that occur in two or more distinct phases of the cycle; sensory input affects both the period and the pattern of the motor neuron activity; and the movement of homologous limbs or body segments is coordinated in a characteristic manner.
Whether these phenomenological resemblances are attributable to similarities in underlying neuronal networks is not known. Since the basic motor neuronal activity pattern underlying swimming in the leech is quite similar to that which produces walking in cat (39) and cockroach (4), as well as swimming in fish (40) and turtle (41), it is possible that recurrent cyclic inhibition networks are responsible for rhythm generation in all these locomotory systems. Nevertheless, it must be noted that leech swimming is a rather inflexible locomotory rhythm. Leeches can swim only in the forward direction, and the relative timing of the movements of successive body segments is rigidly fixed. By contrast, other animals can move forward, backward, and even sideways (42), and can even move different legs at different rates (37, 39). Hence, here the central oscillator network controlling interlimb coordination must be more flexible than that of the leech swim generator.
Since the circuitry of central nervous oscillatory networks is known only in a very few neurophysiologically favorable (invertebrate) preparations (43), the question of whether the neuronal circuitry described here generates locomotion also in higher groups, particularly in our own vertebrate subphylum, cannot yet be answered. But it seems significant that the current list of fundamentally different and theoretically plausible types of neuronal oscillators is not only brief but also of long standing (44). Moreover, it is worthy of note that the mechanism of recurrent cyclic inhibition evidently responsible for the activity rhythm of the leech central swim oscillator was originally put forward by Szekely to account for the walking rhythm of amphibia (29). Thus on these grounds it seems reasonable to expect that the applicability of the locomotory circuitry identified in this work transcends the generation of the leech swimming movement. 
